Introduction
Epithelial ovarian cancer (including primary peritoneal and fallopian tube cancer) is the fifth leading cause of cancer-related deaths in women in the United States and the most lethal gynecologic cancer. It is estimated that in 2017, more than 22,440 women will be diagnosed with ovarian cancer leading to more than 14,080 deaths. 1 Despite advances in treatment, including targeted therapies such as antiangiogenesis agents, there has been little improvement in ovarian cancer outcomes. This is in large part due to lack of effective screening mechanisms leading to predominately advanced disease at diagnosis as well as the eventual emergence of chemoresistance with recurrent disease.
Historically, recurrent ovarian cancer has been dichotomized into two categories: "platinum sensitive" and "platinum resistant." Patients with recurrent disease and a platinum-free interval (PFI; measured as time from last infusion of platinum chemotherapy to time of documented recurrence) of $6 months are considered to be sensitive to treatment with further platinum-based chemotherapy. Those with a PFI of ,6 months are considered "platinum resistant" with overall worse response rates and survival as compared to patients who are "platinum sensitive." 2 With advances in science including molecular profiling leading to an advanced understanding of the biology of recurrent ovarian cancer and the development of targeted therapies, the arbitrary divide between platinum-sensitive versus platinum-resistant disease is no longer clear. Targeted therapies such as antiangiogenic agents and PARP inhibitors submit your manuscript | www.dovepress.com
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Dockery et al have led to a more multifactorial approach to the treatment of disease recurrence. 2, 3 The PARP enzyme family (PARP-1, PARP-2, and PARP-3) is important in multiple DNA repair pathways, and defects in these repair mechanisms have been implicated in many malignancies. 4 PARP binds to DNA single-strand breaks and activates the base excision repair pathway. When PARP is inhibited, single-strand breaks become double-strand breaks, which are typically repaired via homologous recombination. 5 In a process known as synthetic lethality, a specific combination of vulnerabilities such as PARP inhibition and homologous recombination deficiency (HRD) leads to cell death when the single mutations alone would permit viability. 4 There are currently four proposed mechanisms for PARP inhibition leading to synthetic lethality. 6 In the best studied of these mechanisms, PARP inhibition specifically targets tumor cells with preexisting HRD, such as those cells possessing mutations in the BRCA1 or BRCA2 genes. 7 The combination of inherent low-fidelity double-strand DNA break repair and the subsequent inhibition of single-and double-strand repair pathways via PARP inhibition leads to synthetic lethality and tumor cell death. 4 Additional pathways for synthetic lethality via PARP inhibition include trapping the PARP-1 enzyme on damaged DNA, effectively preventing continuation of the DNA repair process; defective BRCA1 recruitment to damaged DNA; and activation of alternative DNA repair such as error-prone nonhomologous end joining (NHEJ) or alternative end joining pathways leading to mutations or chromosomal changes and ultimately cell death. 6 Ovarian cancer commonly possesses defects in DNA repair pathways such as HRD due to BRCA mutations or otherwise. 8 Approximately 25% of new ovarian cancers harbor BRCA1/2 mutations; most of these are due to germline mutations (18%), and approximately 7% represent somatic mutations acquired within the tumor. 9 It is estimated that approximately 50% of high-grade serous ovarian carcinomas exhibit alterations in the Fanconi anemia-BRCA pathway. 10 Mutations in this pathway, including genes such as RAD51C, RAD51D, and BRIP1, have been associated with HRD and hereditary ovarian cancer. 8 Epigenetic changes also contribute to the development of HRD. For example, silencing of BRCA1 in high-grade serous ovarian cancer has been shown to occur via epigenetic changes such as BRCA1 promoter hypermethylation. 10 When targeted therapy with a PARP inhibitor is combined with inherent HRD, cellular lethality results. 11 This has led to extensive study of PARP inhibitors in ovarian cancer; however, whether all types of HRD are equally affected by PARP inhibition remains to be seen.
BRCA mutations currently represent an important prognostic biomarker for genetic counseling and cancer risk assessment. With the development of PARP inhibition therapy, BRCA testing has also become a predictive biomarker for PARP inhibitor response in ovarian cancer. 12 Since the first reports of in vitro efficacy of PARP inhibitors, 13, 14 several different PARP inhibitors have been studied in ovarian cancer. The best studied include olaparib, veliparib, niraparib, talazoparib, and rucaparib. Each PARP inhibitor possesses subtly different mechanisms of action targeting specific PARP enzymes, including PARP-1, PARP-2, and PARP-3. 4 The PARP inhibitor olaparib was the first to be approved in advanced ovarian cancer therapy for those with germline BRCA1/2 mutations. Following Phase I safety and efficacy studies, a multicenter Phase II study demonstrated response to olaparib in patients with germline BRCA1/2 mutations and recurrent ovarian cancer, breast cancer with $3 prior chemotherapy regimens for metastatic disease, pancreatic cancer with prior gemcitabine treatment, or prostate cancer with progression on hormonal and one systemic therapy (Study 42, ClinicalTrials.gov NCT01078662). 15 A subgroup analysis of patients with germline BRCA1/2-mutated advanced recurrent ovarian cancer and $3 prior lines of chemotherapy revealed an overall response rate (ORR) of 34%. When stratified into platinum-sensitive versus platinum-resistant disease, the efficacy was noted to be highest in platinum-sensitive (but unsuitable for further platinum therapy) disease with an ORR of 46% as compared to 30% in platinum-resistant patients. 16 These findings led to the accelerated approval of olaparib in the United States in December 2014 as fourth line, and beyond single-agent therapy for the treatment of patients with recurrent ovarian cancer with germline BRCA1/2 mutations.
PARP inhibition as maintenance therapy
Olaparib demonstrated improved progression-free survival (PFS) of 11.2 months versus 4.3 months using placebo (hazard ratio [HR] 0.18, 95% CI 0.10-0.31; P,0.0001) when used as maintenance therapy following completion of chemotherapy for platinum-sensitive recurrent ovarian cancer and has received approval for this indication in the European Union but not yet in the United States. 12, 17 Following recent reporting of data from SOLO2, a Phase III trial demonstrating significantly improved PFS in patients with a BRCA1/2 mutation receiving olaparib monotherapy in the maintenance setting, the United States Food and Drug Administration (FDA) granted priority review of olaparib for OncoTargets and Therapy 2017:10 submit your manuscript | www.dovepress.com
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Rucaparib for ovarian cancer this indication. 18 In addition, the PARP inhibitor niraparib received FDA approval as maintenance therapy in women with platinum-sensitive recurrent ovarian cancer based upon the results of NOVA, a Phase III placebo-controlled trial demonstrating improved PFS in women with platinumsensitive recurrent ovarian cancer regardless of BRCA1/2 mutation or HRD status. 19 
HRD and PARP inhibition
Approximately half of all high-grade serous ovarian cancers show HRD resulting in loss of or duplication of chromosomal regions and ultimately genomic loss of heterozygosity (LOH). 20 Twenty-two percent of these are a result of a mutation in, or silencing of, other homologous recombination genes. 21 Recent studies have demonstrated that even without a mutation in BRCA or other known homologous recombination gene, high-grade serous ovarian carcinoma shows genomic signatures such as LOH indicative of downstream changes related to HRD. 22 This is of particular relevance clinically, as it broadens the potential impact of PARP inhibitors in epithelial ovarian cancer not only to those with germline mutations in BRCA1/2 but also to those with somatic BRCA1/2 mutations, other HRD mutations, or other LOH subtypes. 23 Tumor profiling to evaluate for somatic HRD mutations helps not only to identify patients who may benefit from PARP inhibition therapy but also to identify those patients who require referral to genetic counseling for further evaluation of germline mutations. Importantly, tumor profiling has demonstrated that the HRD-LOH status within a tumor may change over time as chemotherapy resistance occurs due to treatment effect. 20 Somatic mutations may allow the clinician to try and identify patients who might obtain the most benefit from this class of agents if they so choose. 24 There are currently many unmet needs in the treatment of ovarian cancer, particularly in the setting of recurrent disease. In particular, the optimal timing and duration of administration of PARP inhibitors has yet to be determined. Based on data obtained from patients treated with olaparib, it appears that the efficacy of PARP inhibition decreases with increasing lines of chemotherapy, 25 suggesting benefit may exist for use of PARP inhibitors earlier in ovarian cancer treatment. In addition, many unanswered questions remain regarding the prediction of PARP inhibitor response in patients via the assessment of HRD or LOH. The use of the Myriad HRD assay was not predictive of response to niraparib maintenance therapy. Those receiving niraparib experienced significantly longer PFS than those receiving placebo regardless of germline BRCA mutation or HRD status. This highlights the need for a better assay for the prediction of PARP inhibitor response. 19 Rucaparib has recently received approval in ovarian cancer in the United States for the treatment of patients with somatic and/ or germline BRCA mutation. Rucaparib is indicated for treatment one line earlier than olaparib (ie, in patients who have received two or more prior lines of chemotherapy), and unlike olaparib has approval for patients with somatic BRCA mutations. In addition, the approval of rucaparib comes with a robust scientifically driven program to devise a companion biomarker to predict those patients without BRCA mutations who will benefit from treatment with rucaparib.
Chemistry and preclinical data Chemistry
Rucaparib camsylate (CO-338, AG-014699, PF-01367338;
is a highly selective oral PARP-1, PARP-2, and PARP-3 inhibitor (Figure 1) . 26 The chemical formula of rucaparib camsylate is C19H18FN3O⋅C 10H16O4S. Chemical profiling of PARP inhibitors revealed that while PARP inhibition is mainly targeted at PARP-1 for the treatment of cancers, this class of drugs interact with multiple PARP enzymes, interrupting DNA repair. Rucaparib, in particular, demonstrated strong stabilization of PARP-1, PARP-2, and PARP-3 and to a lesser extent PARP-4, PARP-10, PARP-12, PARP-15, and PARP-16. 27 In vivo and in vitro studies of rucaparib demonstrated excellent chemosensitization and radiosensitization abilities as compared to the prior benchmark PARP inhibitor compound. In addition, mouse studies revealed no toxicity with the administration of rucaparib alone leading to the selection of rucaparib for clinical trial. 28 In preclinical testing, rucaparib demonstrated antiproliferative activity in multiple cell lines carrying mutated or epigenetically silenced BRCA1 or BRCA2, including breast, ovarian, and pancreatic tumor cell lines. 29 Further study demonstrated antitumor activity of 
Clinical trials
Clinical safety and tolerability and pharmacokinetic and pharmacodynamic properties of rucaparib IV were first established in an open-label dose-escalation Phase I study in patients with advanced solid tumors or malignant melanoma treated with rucaparib and temozolomide. Intravenous rucaparib was administered in escalating doses to determine the PARP inhibitory dose in peripheral blood leukocytes. The PARP inhibitory dose, the dose at which the maximum achievable (at least 50%) reduction in PARP activity occurred, was determined to be 12 mg/m 2 . There were no toxicities considered related to rucaparib alone. 31 Study 10 (CO-338-010; NCT01482715), a Phase I/II open-label, multicenter trial, evaluated the maximum tolerable dose and efficacy of oral rucaparib monotherapy in patients with germline BRCA-mutant (BRCA mut ) ovarian, breast, or pancreatic tumors who had progressed on standard treatments. This study established the recommended Phase II dose of single-agent oral rucaparib as 600 mg twice daily (b.i.d.) with an 80% ORR observed by Response Evaluation Criteria in Solid Tumors (RECIST) and cancer antigen (CA 125) levels. Treatment-related adverse events were predominately grades 1 and 2, and included nausea (30%), fatigue (30%), vomiting (23%), diarrhea (13%), and anorexia (11%). At the recommended Phase II dose, patients reported grade 2/3 anemia (29%/29%), thrombocytopenia (0/14%), and neutropenia (29%/0). 32 Part 2A of the open-label Phase II portion of this study evaluated safety and efficacy of single-agent rucaparib in patients with recurrent, platinum-sensitive highgrade ovarian cancer possessing germline BRCA mutations who had received two to four prior lines of chemotherapy. The primary end point, ORR, was assessed via RECIST criteria and revealed an ORR of 74% and a disease control rate of 77%. Adverse effects (majority grade 1/2) observed included nausea (55%), fatigue (41%), anemia (41%), transient isolated aspartate aminotransferase (AST)/alanine aminotransferase (ALT) elevations (41%), and asthenia (35%). All the adverse events were managed via dose reduction with no discontinuation of therapy. 33 Part 2B of Study 10 is ongoing and will examine single-agent rucaparib in patients with relapsed high-grade ovarian cancer with germline and/ or somatic BRCA mutations who have received three or more prior lines of chemotherapy. 
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Rucaparib for ovarian cancer in the LOH low group (10%). Observed grade 3 or greater treatment-related adverse events included anemia/decreased hemoglobin (22%), and elevated ALT or AST (12%). Dose reductions occurred in 39% of patients, most commonly due to anemia (14%) and nausea (11%). ARIEL2 Part 1 demonstrated improved PFS in the BRCA mut and LOH high groups treated with rucaparib as compared to the LOH low group and provides evidence for the efficacy of tumor LOH assessment (particularly in tumors carrying homologous recombination gene mutations of BRCA1, BRCA2, or RAD51C) to predict response to rucaparib in the setting of platinum-sensitive, recurrent ovarian cancer. These results demonstrated the utility of PARP inhibition in tumors other than only those carrying a germline BRCA1/2 mutation and served as the basis for FDA granting rucaparib breakthrough therapy designation as monotherapy treatment in recurrent ovarian cancer patients with either germline or somatic BRCA mutations. ARIEL2 Part 2 will attempt to extend the findings from Part 1 by prospectively testing the LOH assay and the efficacy of rucaparib in patients with platinum-sensitive, platinumresistant, or platinum-refractory disease who have received three to four prior lines of chemotherapy and a treatment-free interval of greater than 6 months after primary chemotherapy. ORR has been defined as the primary outcome in Part 2, with PFS and overall survival as secondary end points. 20 
integrated analysis of safety
The adverse events of 377 patients with ovarian cancer treated with rucaparib monotherapy (600 mg b.i.d.) in two separate open-label, single-arm trials have been combined for analysis. Dose reductions or interruptions in treatment occurred in 62% of patients, most commonly due to anemia (27%) and fatigue/asthenia (22%). Discontinuation of treatment occurred in 10% of patients. The median duration of treatment was 5.5 months (range 0.1-28.0 months). Nausea and asthenia/fatigue were the most common (grades 1-4) adverse events, reported in 77% of patients. Grade 3/4 nausea and asthenia/fatigue occurred in 5% and 11% of patients, respectively. Other frequently reported grade 1-4 adverse events included vomiting (46%), anemia (44%), and thrombocytopenia (21%). Increase in serum creatinine (grades 1-4) was seen in 92% of patients (1% grade 3/4). This is likely due to the potent inhibition of the MATE1, MATE2-K, and OCT1 transporters by rucaparib. 34 Similar transporter inhibition has been reported with both olaparib and veliparib with increased serum creatinine reported with the use of olaparib. Increases in serum creatinine may be a PARP inhibitor class effect. [35] [36] [37] The majority of reported creatinine elevations were grade 1 and stabilized with continued rucaparib treatment without dose modification. Grade 1-4 serum AST and ALT elevations were observed in 73% and 74% of patients, respectively (grade 3/4: 5% AST and 13% ALT). These elevations were asymptomatic, rarely associated with elevated bilirubin and reversed over time with continued rucaparib treatment, and no dose modification was necessary unless evidence of further hepatic impairment existed. Myelodysplastic syndrome/acute myeloid leukemia was reported in 0.5% (2/377) of patients. 38, 39 On the basis of this and prior data, on December 19, 2016, the FDA granted accelerated approval for rucaparib in the thirdline treatment setting and beyond in patients with advanced ovarian cancer and germline and/or somatic BRCA mutations who had been treated with two or more prior therapies. Future Phase III studies outlined in the following paragraphs are underway to evaluate rucaparib monotherapy and maintenance therapy not only in those patients with ovarian cancer and BRCA mutations but also among HRD-LOH stratified groups.
ARIEL3 (NCT01968213) is an ongoing Phase III, doubleblind, randomized controlled trial evaluating rucaparib maintenance therapy in platinum-sensitive ovarian cancer (Figure 2 ). Eligible patients include those with high-grade serous or endometrioid epithelial ovarian, fallopian tube, or primary peritoneal cancer who have received at least two prior platinum-containing lines of chemotherapy, had a complete or partial response to the most recent platinum regimen, and are PARP naive. The primary outcome of interest is investigator-assessed PFS with overall survival, PFS by independent radiology review, and patient-reported outcomes as secondary end points. Upon enrollment, patients were stratified by gene list (BRCA In ARIEL4 (NCT02855944), rucaparib is being evaluated as monotherapy versus chemotherapy (monotherapy or doublet; investigator's choice) in patients with recurrent or progressive ovarian, fallopian tube, or primary peritoneal cancer with BRCA germline and/or somatic mutations who have received two or more prior lines of chemotherapy. The physician's choice option allows for platinum-based chemotherapy. PFS by RECIST v1.1 is the primary outcome with overall survival and safety and tolerability of rucaparib as compared to chemotherapy as secondary outcomes 41 ( Table 2) .
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Companion diagnostic
In conjunction with the FDA approval of rucaparib in the setting of BRCA germline and/or somatic mutations, 20 the FDA also approved the FoundationFocus™ CDx BRCA test. This test is the first FDA-approved next-generation sequencing-based companion diagnostic test designed to identify patients likely to respond to rucaparib. Massively parallel DNA sequencing (also known as "next-generation" DNA sequencing or NGS) can be used to characterize DNA alterations including base substitutions, insertions/ deletions, copy number alterations, and fusions across cancer-associated genes in formalin-fixed and paraffin-embedded tumor specimens. 42 The FoundationFocus TM CDx BRCA companion diagnostic test uses an NGS assay to identify patients who may benefit from rucaparib based on tumor BRCA1/2 status. 43 Validation of the HRD-LOH assay for the selection of patients beyond germline or somatic BRCA status is pending the results of ARIEL3.
Conclusion
Rucaparib is an inhibitor of PARP-1, PARP-2, and PARP-3 that induces synthetic lethality in BRCA-mutated ovarian tumors and ovarian tumors with HRD-LOH and possesses few toxicities to normal cells. Rucaparib has received FDA approval for patients with deleterious BRCA mutation (germline and/or somatic)-associated advanced ovarian cancer who have been treated with two or more chemotherapies. In addition, there is evidence to suggest that rucaparib has clinical efficacy against ovarian tumors with high HRD-LOH.
The determination of the appropriate patients to receive PARP inhibition is still ongoing. However, the responses observed following rucaparib treatment in patients with high HRD-LOH suggest that many more individuals may benefit than just those with germline or somatic BRCA mutations. 20 The ability of LOH assessment to broaden the selection of patients likely to benefit from rucaparib is still under investigation; however, it is anticipated that its further use will broaden the use of rucaparib and PARP inhibitors as a class.
The ideal timing of use of rucaparib is yet to be determined. Results from ARIEL3 and ARIEL4 will evaluate the use of rucaparib in the maintenance and treatment settings, respectively. Investigation is not yet complete regarding the benefit of rucaparib in patients with platinum-resistant disease, and ongoing studies (Study 10 Part 2B, ARIEL2 Part2, ARIEL4) are evaluating rucaparib treatment in this patient population.
Importantly, the long-term effects of PARP inhibition are not yet known, including any potential association between long-term PARP inhibitor use and myelodysplastic syndrome or acute myeloid leukemia, although observed rates of this appear to be quite low. 19 In addition, the longterm use of PARP inhibitors can be associated with PARP inhibitor resistance, and the mechanisms of this are not yet fully understood. Reversion mutations leading to regained function of homologous recombination proteins (eg, BRCA1, RAD51C, and RAD51D) in tumor cells have been shown to lead to PARP resistance. 44, 45 Resistance to rucaparib has also 
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Dockery et al been demonstrated in ovarian cancer tumor cells possessing NHEJ defects. NHEJ plays a significant role in the repair of double-strand DNA breaks, is independent of HR function, and is associated with resistance to rucaparib in ex vivo primary cultures. 46 Other mechanisms of resistance such as hypomorphic activity of mutant BRCA1 alleles, upregulation of drug efflux pumps, and reconfiguration of the cellular DNA damage response are still under study. 44 Future areas of investigation include combination therapy using PARP inhibitors such as rucaparib and other targeted therapies. Agents such as PI3K inhibitors, Wee1 kinase inhibitors, DNA topoisomerase I inhibitors, and DNA methyltransferase inhibitors are hypothesized to enhance the activity of PARP inhibitors. Preclinical data demonstrate that PARP inhibitors upregulate the PD-L1 tumorassociated immunosuppression pathway and combination therapy of PD-1 immune checkpoint blockade and PARP inhibitors significantly increase therapeutic efficacy of PARP inhibition. 47 Rucaparib possesses an acceptable safety profile, and along with its approved companion diagnostic test, represents an important new therapeutic option in the treatment of ovarian cancer. Phase III studies are currently underway to further understand the benefit-risk profile of rucaparib in the maintenance and treatment setting in advanced ovarian cancer. Furthermore, additional studies are in progress evaluating the efficacy of rucaparib in the treatment of other malignancies including breast, gastroesophageal, prostate, and other gynecologic cancers.
